We demonstrate the image conversion from mid-IR to near-IR (NIR) exploiting high-contrast optical switching in vanadium oxide thin-film layers. The intensity distribution of a mid-IR beam is converted to NIR wavelengths exploiting the strong reflectivity changes induced by optical pumping in the mid-IR. We show an experimental setup in which the radiation of a Tm-doped fiber laser at 1940 m and a carbon dioxide at 10.6 m has been converted to both 850 nm and 1064 nm. The resolution was 35 m and was reached by using an inexpensive CCD camera. The sensitivity of the device increases linearly with sample temperature. We measured a threshold of 144 mW/ cm 2 , with a sample temperature of 62°C. © 2010 Optical Society of OCIS codes: 040.6808, 160.6840, 110.3080, 040.3060. The conversion of IR radiation to spectral ranges where silicon array detectors can operate allows one to detect IR light. Interest in the detection of mid-IR radiation is increasing with the availability of lasers emitting in the spectral range from 2 m to 10 m. At the state of the art, the detection of shortwavelength mid-IR ͑2-5 m͒ radiation can be carried out with cooled InSb focal-plane-array detectors, which are usually cooled down to 77 K in order to reduce thermal noise [1] . The usual detector for the characterization of a high-power laser for wavelength longer than 1.8 m is a pyroelectric slit-scanning profilometer based on lithium tantalate ͑LiTaO 3 ͒. These devices can operate from 200 nm to 100 m. Other IR detectors such as an IR viewer can convert IR light to visible by phosphor electronic bombardment and can see IR light up to 1.9 m. Recently, microbolometers have become available in the form of an uncooled array for the detection of light between 8 m and 12 m [2] .
The conversion of IR radiation to spectral ranges where silicon array detectors can operate allows one to detect IR light. Interest in the detection of mid-IR radiation is increasing with the availability of lasers emitting in the spectral range from 2 m to 10 m.
At the state of the art, the detection of shortwavelength mid-IR ͑2-5 m͒ radiation can be carried out with cooled InSb focal-plane-array detectors, which are usually cooled down to 77 K in order to reduce thermal noise [1] . The usual detector for the characterization of a high-power laser for wavelength longer than 1.8 m is a pyroelectric slit-scanning profilometer based on lithium tantalate ͑LiTaO 3 ͒. These devices can operate from 200 nm to 100 m. Other IR detectors such as an IR viewer can convert IR light to visible by phosphor electronic bombardment and can see IR light up to 1.9 m. Recently, microbolometers have become available in the form of an uncooled array for the detection of light between 8 m and 12 m [2] .
The spectral region between 1.7 m and 8 m still does not offer any possibility of image detection without cooling the detector.
In this Letter, we demonstrate that using a VO 2 layer makes it possible to convert mid-IR wavelength to NIR wavelength detectable with silicon cameras such as CCD and CMOS. We used a mid-IR beam (called writing beam or pump beam) to locally change the reflectivity in the VO 2 layer. This reflectivity change depends on the local temperature, which is related to the intensity of the writing beam, and it is extended from the NIR to the mid-IR [3, 4] . Thus a second beam in the NIR compatible with CCD and CMOS technology (called reading beam or probe beam) is used for the detection of the reflectivity pattern imposed by the writing beam. Figure 1(a) shows the experimental setup. Here we characterize the detector with a thulium-doped fiber laser ͑1940 nm͒ and with a CO 2 laser ͑10.6 m͒. Both writing and reading beam can be broadband or monochromatic, coherent or noncoherent.
Several vanadium oxides change their properties due to a crystallographic phase change between monoclinic (insulator) and tetragonal (metal) [3] . Among them VO 2 is the most studied, because the transition happens at 68°, very close to room temperature. For the effect of the phase transition, both electrical and optical properties undergo a strong change. The optical characteristics, such as dynamic range, spectral transmission, reflectivity, and absorption are strongly dependent on sample preparation. VO 2 layer thickness, deposition technique, and annealing have to be controlled in order to prepare sample with characteristics suitable for the application for which they are going to be employed. Recently, high contrast with near-zero transmission in the switched state has been demonstrated. An experimental demonstration in [4] reports that exploiting the absorption of the VO 2 film in the visible makes it possible to induce a thermal heating of the film beyond 68°C. Switching time in the order of 2 ms has been measured for different film thicknesses for pumping wavelength of 532 nm (frequency-doubled Nd:YAG 5 W) with a switching contrast of 35% at 1.6 m, which increases for longer wavelengths [5] .
The main property we exploit for our devices is that the reflectivity change induced in the VO 2 layer in any wavelength range extends with a contrast larger than 10% from 700 nm to the mid-IR. This wavelength range intersects the band of the silicon cameras sensitivities defining a window of functioning of the device that goes from 700 nm to 1.1 m. A very interesting similar setup is used in Hughes liquid crystal (LC) light valves to convert NIR images to visible [6] using a photoconductor associated with a LC layer.
In this experiment vanadium films were initially deposited by rf sputtering, and then they were oxidized in a vacuum furnace under carefully controlled conditions of oxygen flow and temperature [5] . Then the VO 2 light valve was built by attaching a 100 nm thin VO 2 film deposited on a glass substrate with a Peltier heater, which allows one to control the sample temperature from room temperature to 100°. Figure  1(a) shows the experimental setup used to demonstrate the detection of the beam profile of a Tm fiber laser at 1940 nm by means of the thermal pumping technique. In this demonstration the writing beam is a pulsed thulium-doped fiber laser emitting at 1940 nm (IPG Photonics 20 W at 1940 nm) and the reading beam is an expanded 1 mW, 850 nm diode laser. The beam profile is recorded by a CCD camera that detects the probe transmission due to the optically induced thermal heating of the vanadium film. Figure 1( 
holmium and erbium lasers), vertical-cavity surface-emitting lasers for gas detection spectroscopy at 2 m, highpower CO 2 lasers, and tunable sources such as ultrashort tunable mid-IR optical parametric amplifiers [7] [8] [9] .
Having verified the functionality of the device as a detector for beam profiles, we now investigate the device sensitivity at room temperature. Spectroscopic measurements of the sample under normal conditions show a transmission of ϳ25% in the visible spectra, and this increases as the wavelength increases, finally showing a ϳ 50% transmission at 2.5 m. The same sample in the switched-state conditions, i.e., above 68°C, shows an unaltered transmission in the visible state, which starts to decrease, however, as the wavelength increases and finally shows a near-zero transmission beyond 1.5 m. The experimental setup for the determination of the sensitivity is shown in Fig. 1(a) , where we used a silicon photodiode as detector and a Nd:YAG laser as reading beam. Figure 2 shows the transmittance change upon illumination of the sample with intensities up to 109 W / cm 2 with a pulse length of 5 ms. At room temperature the threshold for the transition is of about 54 W / cm 2 . Using the Peltier temperature control, we can increase the device sensitivity by heating the sample, which results in reducing the temperature gap to reach the switched state and also to reduce the amount of heat flux to be supplied by the la- ser. We tested the dependence of the device sensitivity on the VO 2 temperature, and we found a linear dependence with a coefficient of −0.7 W / ͑°C cm 2 ͒. The last stable point was detected at 62°C with a threshold of 144 mW/ cm 2 . It is shown in [3] that VO 2 switches between the insulating state and the conducting state around an hysteretic cycle with the heat-cycle transition at 68°C and the cooling cycle transition at around 64°C, which is in good agreement with the behavior of our device. Figure 3 shows the characterization of the device at 62°C. The minimum detectable signal was about 144 mW/ cm 2 . Longer pulses lead to saturation of the device because of heat accumulation in the device substrate.
Finally, we demonstrate that we can use the device for acquisition of high-resolution images in the mid-IR, converting them to NIR images. To demonstrate the resolution limit, we put a target mask in front of the writing beam heating the sample at 53°C. The reading beam is an Nd:YAG 1 mW laser. Figure 4 (a) shows an image of the target mask acquired. Details of about 35 m have been detected. The resolution was limited by the CCD imaging system ͑1 pixel = 12 m͒ and by the speckle noise of the reading beam, which is clearly visible in the image. The image contrast and resolution depends on pulse length and laser intensity, which were 18 ms at 10 Hz and 3 W / cm
2 . We then demonstrate high-resolution image conversion by the combination of different lasers for both writing and reading process. Figures  4(b)-4(d) show image acquisitions using both a Tm fiber laser and a carbon dioxide laser at 10.6 m. The reading beams were both Nd:YAG laser at 1064 nm and a diode laser at 850 nm. The images were acquired by subtracting from the signal beam the background given by the reading light. The pulse length and repetition rate were acquired in two different ways. Figures 4(a) , 4(c), and 4(d) were obtained using a software video trigger for the acquisition of pulsed images. The writing-beam pulse length and repetition rate were chosen in order to have a good contrast and avoid sample saturation due to heat accumulation. Acquisition of Fig. 4(b) was carried out by a fine tuning of the pulse length and repetition rate of the writing beam in order to allow for the sample thermalization and the formation of a stationary image.
In conclusion VO 2 thin films have been found to be very effective for image detection of mid-IR laser radiation by exploiting the strong reflectivity change in the NIR induced by optically pumping the film in the mid-IR. We demonstrate the effectiveness of the device for the detection of thulium-doped fiber lasers at 1940 nm and for carbon dioxide lasers 10.6 m using lasers as reading beams at both 1064 nm and 850 nm. The spatial resolution was about 35 m and is limited essentially by the speckle noise of the reading beam. We have shown as well that the sensitivity increases linearly when heating the sample, with a minimum value for the Tm laser of 144 mW/ cm 2 at 62°C. The advantages of this technique are the use of a nonpixellated device, the compactness of the setup, the absence of mechanical parts, and the low cost when compared with other techniques currently employed (see, e.g., slit profilometers). 
